Male CS7BL/6 mice of 12,19, and 24 months of age received injections of low (25 fig 100 g ' body weight) or high (SO /xg 100 g' 1 body weight) doses of Salmonella typhosa endotoxin and were exposed to ambient temperatures below (24 °C) or within (30 °C) the thermoneutral zone. Old mice (19 and 24 months) developed initial fevers followed by hypothermia in response to endotoxin challenge at 24 °C, irrespective of dose; 12-month-old-mice became hypothermic at 24 °C following injection of the high dose of endotoxin only. At 30 ° C, 12-and 19-month-old mice developed and maintained fever over 4 hr in response to endotoxin compared with the 24-month-old mice who were unable to maintain fevers. Logistic regression analysis showed that age, ambient temperature, and body temperature responses were significant predictors of survival outcome in endotoxin-treated mice; of these, age and ambient temperature had the strongest effects.
/CLINICAL observations suggest that elderly >-' people are at greater risk to the development of gram-negative bacterial infections than are younger individuals. The incidence of gram-negative bacteremia is higher in elderly adults, in part because many bacteremias are nosocomial in origin and more elderly people are hospitalized (Wolff & Bennett, 1974) .
Fever, the pathophysiological process by which body temperature is elevated, is a common sign of infection in the noncompromised host and may have beneficial value during bacterial infection (Banet, 1981; Kluger & Vaughn, 1978) . Recent investigations have shown that the febrile response of endotoxin-treated old mammals is lower than those of similarly infected younger animals (Ferguson et al., 1981) . The mechanisms underlying reduced fever in the elderly, infected individual are, at present, unclear. It has been suggested, however, that changes in central dopaminergic pathways, or in other neurotransmitters involved in thermoregulation, may contribute to the poor thermoregulatory function in elderly adults (Cox et al., 1981) . Alternatively, decreases in the central sensitivity of neurons in the anterior preoptic area of the hypothalamus to the action of endogenous pyrogen (in- terleukin 1), the mediator of fever, may be involved in the age-related deficit (Lipton & Ticknor, 1979) .
Small mammals usually do not become febrile in the room temperature range (20 to 24 °C) following systemic administration of endotoxin (van Miert & Frens, 1968) ; rather, they tend to develop hypothermia. Fever can be evoked, however, during endotoxin challenge in rats, for example, if either the ambient temperature is raised to, or above, thermoneutrality (Kerpel-Fronius et al., 1966; Splawinski et al., 1977b) , the animals are primed with endotoxin (Splawinski et al., 1977b) , or endotoxin is adminstered intracerebrally (Splawinksi et al., 1977a) .
Although the effect of age on fever and survival has not been studied routinely in small mammals, Habicht (1981) reported that C57BL/6 mice of 24 months of age became hyperthermic (i.e., developed fever) following endotoxin injection and exposure to an ambient temperature of 24 °C; young mice (2 and 12 months of age) became hypothermic at this ambient temperature during systemic endotoxin challenge. Habicht suggested that increased sensitivity to lipopolysaccharide (LPS) with age might explain the hyperthermia and higher mortality in the 24-month-old mice compared with younger animals.
In view of the apparent resistance of small mammals, such as the mouse, to develop fever in response to systemic injection of endotoxin, and the poor fever responses of aged mammals to endotoxin, this study was designed to address the following questions: (a) Do mice develop fever when chal-lenged with endotoxin with ambient temperatures at or below thermoneutrality? (b) Is there an age effect on the fever response of mice during endotoxin challenge? (c) Is the ability (or inability) of aged mice to develop fever correlated with survival? To these ends, a series of experiments were performed with C57BL/6 mice, of various ages, and given injections of two doses of endotoxin at ambient temperatures to one at or the other below thermoneutrality.
MATERIALS AND METHODS
Animals. -One hundred fifty male C57BL/6 mice Mus musculus (Jackson Laboratory, Bar Harbor, ME), purchased at 8 months of age (retired breeders), were given 1 week to adjust to laboratory conditions (22 ± 2 °C, 40 to 50% rh, 12-hr light/ 12-hr dark photoperiod) and then randomly assigned to one of 18 Age x Treatment conditions (Table 1) . Mice were maintained 4 per cage, although in some cases were segregated into individual cages due to fighting; 11 mice were excluded from the study because of wounds inflicted from fighting. All mice were given ad libitum access to food (Ralston Rurina rodent chow) and tap water. Periodically throughout the course of aging in our animal facility, and 3 days prior to experiments, the mice were inspected for evidence of clinical disease. Animals manifesting one or more of the following signs were excluded from the study: profuse Restraint. -To insure stable rectal temperature readings, unanesthetized mice were partially restrained during the experiments. The restraint system consisted of a plexiglass base plate (20 x 15 x 0.5 cm) and a plexiglass side bar (8 x 6 x 0.5 cm) through which a flexible silastic neck tether was threaded. This system permitted behavioral thermoregulation (i.e., postural changes) and prevented displacement of the rectal temperature probe. This system has been used previously in our laboratory with the C57BL strain of mice (Hoffman-Goetz & Keir, 1984) . All mice were fully acclimated to the restraint system (minimum of three 10-min exposures) prior to the study.
Endotoxin. -Salmonella typhosa endotoxin (lipopolysaccharide, LPS 0901; Difco, Detroit, MI) was prepared aseptically in phosphate-buffered pyrogen free saline (PBS). Mice weighing from 27 to 34 g were injected with either 25 fig 100 g'' or 50 fig 100 g"' body weight of LPS, delivered intraperitoneal (i.p.). Control animals received 0.1 ml of PBS also administered i.p. All injections were performed in a single blind fashion.
Protocol. -At 9:00 a.m. of Day 1, 10 mice were placed on the restraint boards, thermocouples inserted, and the mice were transferred to an environmental chamber (Enconaire, Winnipeg, Manitoba) set at 24 °C or 30 °C (relative humidity = 50%). The mice were given 1 hour to adjust to the novel environment and then rectal temperatures were recorded continuously until a stable 1-hr base line was reached. At Time 0 (between 11:00 a.m. and noon), mice were injected with LPS or saline, and rectal temperatures were recorded continuously for 4 additional hr. Mice were then removed from the chamber, taken out of the restraint tether, and placed individually in cages. Mortality rate was monitored twice each day for 4 consecutive days, with time of death noted as occuring either between 8:00 a.m. and 6:00 p.m. or 6:00 p.m. and 8:00a.m.
Statistics. -Rectal temperature data were analyzed by analysis of variance with three between-subject variables (age, injection treatment, and ambient temperature) and one within-subject factor (repeated measures on the dependent variable rectal temperature), using 1-hr mean baseline rectal temperature as acovariate. The alpha level was .05. Differences between cells were tested by Tukey's procedure (Kirk, 1968) . Calculated mean fevers (i.e., change in rectal temperature) were analyzed by two-way analysis of variance for each ambient temperature condition. Mortality data were analyzed by chi-square contingency analysis and stepwise logistic regression with four independent variables (age, ambient temperature, injection treatment, and mean 4-hr fever) and one dependent variable (mortality).
RESULTS
Rectal temperature response. -The effect of age and ambient temperature on the 4-hr rectal temperature responses of mice injected with saline vehicle is shown in Figure 1 . There were no significant differences in the rectal temperature responses of mice at any age or ambient temperature condition following saline injection. In general, however, the 12-month-old mice tended to have slightly higher rectal temperatures compared with the 19-monthold mice and 24-month-old mice. At room temperature of 24 °C ( Figure 2 ) the low dose of LPS (25 /xg 100 g" 1 i.p.) evoked an initial rise in rectal temperatures of all mice, followed by a subsequent hypothermia in the 19-and 24-month old animals. The 12-month-old mice did not become hypothermic but maintained core temperatures at preinjection or slightly higher levels. The difference in the change in rectal temperature responses between the 24-month-old and 12-monthold mice to this dose of LPS at 24 °C was significant when averaged over 4 hr (p < .01). The 24-monthold mice also had significantly lower fever during the first hour of LPS challenge compared with the 12-and 19-month-old animals (p < .01; Table 2 ). Kirk, 1968 ). *p < .01; **p < .01. Figure 3 shows the change in rectal temperatures of mice to injection of a higher dose of LPS (50 fig  100 g" 1 ,i.p.) at room temperature. At this dose and ambient temperature the mice again had initial febrile responses followed by marked hypothermia; the hypothermia developed irrespective of the age of the animal. There were no significant differences in the average 4-hr changes in rectal temperature across the three age groups; however, the 12-month-old mice tended to show the least deviation from baseline rectal temperatures over the 4 hr compared with the older groups. Moreover, 12- month-old mice had a significantly lower fever response during the first hour of LPS challenge compared with the 19-month-old (p < .01) and 24-month-old {p < .01) mice (Table 2) .
At an ambient temperature of 30 °C (Figure 4) , injection of LPS in a dose of 25 /xg lOOg" 1 body weight resulted in marked fevers over the first hour in the 24-month-old mice; there was no difference in the average first hour fever between the 24-and 12-month-old mice (Table 2 ). There were also no significant differences in the average 4-hr rectal temperature responses across the three age groups. Thus, the fall in rectal temperature induced by this dose of LPS at room temperature was prevented when the mice were maintained at a warmer ambient temperature (i.e., thermoneutrality).
When the mice were injected with 50 /xg 1 OOg"' body weight of LPS at an ambient temperature of 30°C ( Figure 5 ), the 12-and 19-month-old mice developed fevers of 0.5 to 1.0 °C over the entire 4 hr. The oldest mice (24 months) had initial rises in rectal temperature for the first hour which were followed by mild hypothermias. The difference in the average first-hour fever, as well as over the 4 hr of testing, was significant at the .05 (Table 2) and .01 ( Figure 5 ) levels for the 12-month versus 24-month-old mice. It is also interesting to note that the magnitude of the hypothermia in the 24-month-old mice was significantly less at 30 °C compared with the response at 24 °C (p < .01). Figure 6 shows the 4-hr mean rectal temperatures of mice at the three age groups of injection of LPS at the two ambient temperature conditions. At an ambient temperature of 24 °C (panel A), 24-month- old mice maintained significantly higher rectal temperatures following injection of the low dose of LPS compared with their rectal temperatures at the high dose of LPS (p < .01). Similarly, the 19-month-old mice maintained higher rectal temperatures at the low compared with the high dose of LPS (p < .05). There were no differences in the (absolute) rectal temperatures over 4 hr in the 12-monthold mice injected with either 25 /x.g 100 g"' or 50 fig 100 g" 1 LPS. Panel B shows the within-age-group comparisons of 4-hr mean rectal temperatures of mice at 30 °C. There were no significant withingroup differences in 4-hr mean rectal temperatures to LPS injection at any age tested. Thus, the capacity to maintain normothermia or, to develop fever over 4 hr, in mice appeared to be largely ambient temperature, rather than dose dependent in the 12-month-old mice, and both dose and ambient temperature dependent in the 19-and 24-month-old mice.
Survival responses. -Analysis of the survival data showed there were no significant differences in survival at any Age x Ambient Temperature condition for saline-treated mice; there were no deaths within the 4 days of monitoring following injection of saline into 30 mice. These animals were subsequently excluded from the regression analysis, and there were no significant differences in survival between 19-and 24-month-old mice injected with LPS. These age groups were collapsed and compared with the 12-month-old animals. Mortality in the old (19 and 24 months) mice was 57% (39/68) compared with mortality in the adult (12 month) mice of 10% (4/40) within 4 days of LPS injection, X 1 (\,N = 108) = 20.68, p < .005 with Yates correction for continuity.
In order to predict the probability of survival in endotoxin treated mice, a stepwise logistic regression model was developed. Logistic regression is used to predict the probability of an animal falling into one or two categories (survived, died) given a series of independent variables (e.g., age, ambient temperature, dose of LPS). Each independent variable is entered stepwise into the regression and a chi-square goodness of fit is calculated at each step, showing how well the model conforms to the observed data.
The factors that best explained survival after endotoxin challenge in mice were age, ambient temperature, and the 4-hr average change in rectal temperature (fever); improvement in each as factor was entered into the model was/? <.000, p <.O35, and p < .050, respectively. At least for the two doses of LPS tested, dose was not a significant predictor of survival. The probability of survival after endotoxin challenge in mice could be expressed with the equation, P = e a / (1 + e"), with a = .86 -.77 (ambient temperature) + 1.31 (age) + .71 (4-hr mean fever). Figure 7 shows the probability of survival versus 4-hr average fever for old (19 to 24 months) and young (12 months) mice tested at ambient temperatures of 24 °C to 30 °C following injection of LPS. This figure suggests (a) as age increases from 12 to Figure 7 . Probability of success (survival) versus mean 4-hr fever (T a in °C) of mice injected i.p. with two doses of endotoxin. Age 1 refers to the combined age groups of 19-and 24-month-old mice; Age 2 refers to the 12-month-old mice. Temp 1 is 30 °C, and Temp 2 is 24 °C. 24 months, the probability of survival from endotoxin challenge decreases; (b) as ambient temperature decreases from 30 °C to 24 °C, the probability of survival after endotoxin challenge also decreases; and (c) at the given ages and ambient temperatures tested, the probability of survival increases with increasing fever (or, alternatively, absence of hypothermia) up to 2 °C in endotoxin treated mice. This latter effect was most apparent in the older age group.
DISCUSSION
These data clearly demonstrate that the capacity to develop and maintain fever in adult C57BL) 6 mice in response to endotoxin is a function of ambient temperature conditions. At room temperature of 24 °C, conscious, partially restrained mice failed to develop and maintain fever over 4 hr after systemic challenge with 5. typhosa endotoxin, at least in the two doses studied. To the contrary, endotoxin challenge in mice resulted in hypothermia with the larger dose of LPS (50 fig 100 g" 1 body weight) or, at best, no change from preinjection temperature levels with the smaller dose of LPS (25 /xg 100 g" 1 body weight). This finding is in agreement with other reports of endotoxin hypothermia in rats (Szekely & Szelenyi, 1979) and hamsters (Blatteis, 1983) tested at ambient temperatures below thermoneutrality for these species. Although the mechanism underlying endotoxin resistance in mice is unknown, Splawinski and associates (1977b) suggested that the lack of febrile response in rats to low doses of LPS reflects efficient metabolic detoxification systems in this species; high doses of LPS might produce exhaustion of the detoxification process, peripheral vasodilation by LPS, and concomitant hypothermia. At 30 °C, within the thermoneutral zone for mice (Hudson & Scott, 1979) , injection of endotoxin was not accompanied by the development of hypothermia in these animals. The body temperature responses of adult mice to LPS appeared to be dose dependent: at the lower dose of endotoxin, no fever developed, whereas at the higher dose of endotoxin, small but significant 4-hr febrile responses were observed. Thus, these data suggest that mice respond to LPS challenge by developing and maintaining fever if tested within the thermoneutral zone, which is in agreement with findings in the rat (Kerpel-Fronius et al., 1966) .
Age had a marked effect on the magnitude of the thermal responses to endotoxin injection. At temperatures below thermoneutrality, old mice developed initial fevers followed by persistent hypothermias when injected with the low dose of endotoxin compared with the younger animals. At the high dose of LPS, all mice developed hypothermia over 4 hr regardless of age. The mechanism of this age effect on endotoxin hypothermia remains to be defined; however, it is possible that this ageassociated endotoxin hypothermia may be due to reduced LPS inactivation. In normal, adult animals systemic endotoxins are cleared and detoxified primarily in the liver and spleen (Trejo et al., 1972) . Kato and Takanaka (1968) showed that there is an age-related impairment of some enzyme detoxification systems in the liver, and, thus, a decline in liver functions with age might result in reduced LPS inactivation. Moreover, Winchurch et al. (1982) suggested that impaired LPS inactivation in aged mice may contribute to lymphocyte abnormalities and altered immunologic vigor in senescent animals. At 30 °C, old mice tended toward thermoregulatory lability in response to LPS challenge. At the low dose of endotoxin there was no significant age effect on the 4-hr body temperature responses of the mice; however, at the high dose of endotoxin old mice (24 months) became mildly hypothermic, whereas adult mice (12 months) developed and maintained fever. Surprisingly, 19-month-oldmice also developed and maintained fever at 30 °C when injected with 50 ^tg 100 g" 1 LPS. Although the old mice failed to develop fever over the entire 4 hr of testing, within the first hour of LPS injection this group showed marked febrile responses. The reasons for the initial surge in body temperature followed by the development of hypothermia are not known; however, three possible explanations can be offered. First, Ferguson et al. (1981) reported that senescent rabbits showed reductions in the second phase of endotoxininduced biphasic fever, and this deficit in the febrile response was not due to deficiencies in catecholamine-mediated thermogenesis (Ferguson et al., 1983) . Thus, whatever the physiologic systems mediating the second phase of fever are, there appears to be an age-related deficit in both rabbits and mice. Second, due to age-related changes in the liver and splenic detoxification systems, old mice may have higher circulating levels of endotoxin (at any given injection dose) compared with younger animals, accounting for both the hyperthermic and vasodilatory actions of LPS. Finally, age-related changes in central nervous systems sensitivity to the action of endogenous pyrogen, the physiologic mediator of fever, may also play a role (Lipton & Ticknor, 1979) .
Our data support the hypothesis of age-related changes in the ability to develop and maintain fever in mice following endotoxin challenge as already described in rabbits (Ferguson et al., 1981 (Ferguson et al., , 1983 Lipton& Ticknor, 1979) , nonhuman primates (Clark et al., 1980) , and humans (Finkelstein, 1982) . Our findings are at variance with the observations of Habicht (1981) of hyperthermia (fever) in 24-month-old mice and hypothermia in young, 12-month-old mice injected with equivalent doses of LPS at temperatures below thermoneutrality. Whether even younger animals (e.g., 3 to 4 months) show LPS induced temperature responses similar to the adult (12 months) mice used in this study remain to be determined.
A striking finding in this study was the significant age, ambient temperature, and body temperature (i.e., fever) effects on survival after endotoxin challenge. Age was the strongest predictor of survival outcome in mice, and old mice had significantly higher mortality from endotoxin challenge than similarly stressed young animals. The mechanisms accounting for this age effect are not known but probably reflect numerous interacting variables, such as altered endotoxin responsiveness, reduced immunologic vigor, and general organ-system debility with age. Fever, or more generally absence of hypothermia, was a significant predictor of survival outcome in endotoxin treated mice; moderate fever appeared to be associated with a higher probability of survival. This finding is in agreement with the hypothesis of Kluger and Vaughn (1978) that moderate fever in bacterially infected mammals is beneficial for the host. Whether it is fever per se, or some other metabolic response associated with fever, that accounts for this increased probability of survival in endotoxin-treated mice remains to be determined. It is possible, for example, that the level of plasma iron and the immunological changes of what is now known as the acute phase reaction may be involved.
A provocative finding in this regression model was the marked effect of ambient temperature on survival. Endotoxin administered at temperatures below thermoneutrality was associated with higher likelihood of dying; conversely, the probability of survival after endotoxin challenge in mice was higher when animals were tested within the thermoneutral zone. Although it is difficult to generalize from this animal model to elderly humans, it is tempting to speculate that increases in ambient temperature may be associated with a greater probability of survival in elderly patients with gram negative bacteremia. Clearly, additional investigations on the interactions of fever, survival, and aging in animals and humans are appropriate.
